For inherited cardiomyopathies, abnormal sensitivity to intracellular calcium (Ca 2+ ), incurred from genetic mutations, initiates subsequent molecular events leading to pathological remodeling. Here, we characterized the effect of β-adrenergic stress in familial dilated cardiomyopathy (DCM) using human-induced pluripotent stem cell (hiPSC)-derived cardiomyocytes (CMs) from a patient with RBM20 DCM. Our findings suggest that β-adrenergic stimulation accelerated defective Ca 2+ homeostasis, apoptotic changes, and sarcomeric disarray in familial DCM hiPSC-CMs. Furthermore, pharmacological modulation of abnormal Ca 2+ handling by pretreatment with β-blocker, carvedilol, or Ca 2+ -channel blocker, verapamil, significantly decreased the area under curve, reduced percentage of disorganized cells, and decreased terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick-end labeling (TUNEL)-positive apoptotic loci in familial DCM hiPSC-CMs after β-adrenergic stimulation. These translational data provide patient-based in vitro analysis of β-adrenergic stress in RBM20-deficient familial DCM hiPSC-CMs and evaluation of therapeutic interventions to modify heart disease progression, which may be personalized, but more importantly generalized in the clinic. Clin Transl Sci (2016) 9, 158-167; doi:10.1111/cts.12393; published online on 22 April 2016.
is unpredictable and the lack of effective therapeutic management frequently leads to heart transplantation. 7 Recent advancements in regenerative biology potentiate cardiovascular disease modeling and drug screening applications using the bioengineered stem cell platform. 8, 9 Although ongoing studies highlight the accuracy of human-induced pluripotent stem cell (hiPSC)-derived cardiomyocytes (CMs) to model familial DCM phenotypes, 9 the utility of hiPSC-CMs to assess pharmacological compounds that modulate abnormal calcium (Ca 2+ ) handling properties has yet to be validated. Such proof-of-principle studies for drug targeting applications require an in vitro stress test to calibrate the phenotypic onset of cardiogenic defects. Herein, we utilized the previously established hiPSC-based familial DCM model 10 to evaluate β-adrenergic norepinephrine (NE) stress response and characterize therapeutic agents that preserve normal structural and functional phenotype during in vitro stress.
Among the numerous mutations linked to familial DCM, including genes encoding sarcomeric, cytoskeletal, mitochondrial, and nuclear membrane proteins, 11, 12 we studied the functionally distinct RBM20 gene involved in regulating alternative splicing. Indeed, RBM20 mutations, which encode an RNA-binding motif, were recently discovered in individuals with severe cases of familial DCM. [13] [14] [15] Importantly, the subset of proteins aberrantly spliced in human RBM20-and rat Rbm20-mutant hearts includes molecules involved in sarcomere structure and function, ion transport, and Ca 2+ handling. 16 Disruption of normal splicing therefore results in anomalous isoforms of a whole network of cardiac proteins and prevents the heart from effectively responding to both extrinsic and intrinsic stressors. 17 Recent reports have shown that RBM20 familial DCM hiPSC-CMs have an increased susceptibility to β-adrenergic stimulation and exhibit stress-induced phenotypic change in sarcomeric structure. 10 The central hypothesis underpinning our study is that β-adrenergic stress will promote phenotypic changes, including sarcomeric disarray and Ca 2+ handling abnormalities in familial DCM hiPSC-CMs, and, conversely, that protection from β-adrenergic stress by pharmacological interventions will attenuate the extent of phenotypic damage. We first performed a detailed characterization of intracellular Ca 2+ handling properties after β-agonist treatment in familial DCM hiPSC-CMs. Although greater sensitivity to β-adrenergic stimulation in DCM has been suggested, 9 ,18 the effects of in vitro stress on disease severity have not been evaluated. To determine the detrimental effects of enhanced cardiac contractile activity, control and familial DCM hiPSCCMs were subjected to NE stress. We hypothesized that β-adrenergic stimulation would accelerate defective Ca 2+ homeostasis, apoptotic changes, and sarcomeric disarray in familial DCM hiPSC-CMs derived from a patient with mutations in RBM20.
Evidence suggests that early pharmacological intervention in DCM may delay or even prevent development of heart failure. 19, 20 β-Adrenergic receptor-blocking drugs reduce myocardial chronotropic and inotropic activity and are widely used in the treatment of symptomatic heart failure. 21 Individuals with DCM caused by RBM20 mutations are generally treated with standard heart-failure therapies, including β-blockers. Additionally, L-type Ca 2+ channel-blocking drugs, which show vasospasm prevention and restoration of impaired Ca 2+ handling, are promising with respect to treatment of heart failure secondary to DCM. [22] [23] [24] Although genotype-positive family members can be identified preclinically, no preventative interventions have been studied. To determine whether β-blocker and Ca 2+ -channel blocker therapy would mitigate against β-adrenergic stress, we also evaluated the effects of carvedilol and verapamil in familial DCM hiPSC-CMs. These data provide the first comprehensive in vitro analysis of β-adrenergic stress in RBM20-deficient familial DCM hiPSC-CMs and the first evaluation of therapeutic interventions to modify disease progression, which may be personalized, but, more importantly, generalized in the clinic.
METHODS
Detailed methods used for human iPSC derivation, culture, and cardiac differentiation, as well as MatLab analysis, flow cytometry, and terminal deoxynucleotidyl transferasemediated deoxyuridine triphosphate nick-end labeling (TUNEL) staining is in the Supplementary Material.
Fluo-4AM Ca 2+ imaging Intracellular calcium (Ca 2+ ) dynamics in control and familial DCM hiPSC-CMs at day 20 were assessed. 25 Briefly, cells were dissociated into small clumps using collagenase type II (480 U/mL for 15 min; Worthington, Lakewood, NJ) and plated on geltrex-coated 35-mm glass-bottom dishes (Thermo Scientific, Waltham, MA) overnight. After attachment, cells were loaded with the Ca 2+ -fluorescent probe Fluo-4 AM (Invitrogen) for 2 h in Tyrode's solution containing 140 mM NaCl, 5.4 mM KCl, 1 mM MgCl2, 10 mM glucose, 1.5 mM CaCl2, and 10 mM HEPES (pH 7.4) and imaged with a Zeiss LSM Live 5 laser confocal microscope (Zeiss, Oberkochen, Germany). Spontaneous Ca 2+ transients were recorded at 37°C. 26, 27 Norepinephrine stress Control and familial DCM hiPSC-CMs were dissociated using type II collagenase and plated on 35 mm glass-bottom dishes. After attachment, cells were treated with 10 μM NE (Sigma-Aldrich) for 48 h. Cells were stained with 1:1000 dilution α-actinin (Sigma-Aldrich) to characterize sarcomeric disorganization defined as ࣙ25% punctate appearance. 9 All images were acquired with a Zeiss LSM 510 confocal microscope (Zeiss). Image J software was utilized to measure the length and the width of the sarcomere.
Carvedilol and verapamil pretreatment
For pharmacological modulation of Ca 2+ handling, sarcomere disarray, and apoptosis analyses, control and familial DCM hiPSC-CMs at day 20 were treated with either 10 μM carvedilol (Tocris, Bristol, UK) or 1 nM verapamil (Tocris) for 24 h (Supplementary Table S1 ). Cells were washed with CDM3 media before in vitro stress testing with 10 μM NE.
Statistical analysis
Results are presented as means ± SEM. Paired group analysis was performed using Student's t test. Two-way repeated-measures analysis of variance was used for comparison between groups (JMP 9; SAS Institute, Cary, NC). Kaplan-Meier analysis was applied with log-rank testing. Any p < 0.05 was predetermined as significant. 
RESULTS

Regulation of B-adrenergic stress in familial DCM hiPSC-CMs
In vitro stress testing of hiPSC-CMs with β-adrenergic agonist, NE, has led to increased cardiac contractility by the G-protein coupled second messenger system. 9 Familial DCM has been associated with increased intracellular Ca 2+ overload as well as an increased susceptibility to chronotropic stress from NE. 10 To modulate this Ca 2+ overload and minimize chronotropic stress response, we utilized pretreatment with carvedilol, β-blocker, and verapamil, Ltype Ca 2+ channel blocker (Figure 1a) . Specifically, we compared the effects of carvedilol, which indirectly decreases intracellular Ca 2+ , to verapamil, which directly regulates intracellular Ca 2+ through the L-type Ca 2+ channel (Figure  1b) . In this study, hiPSC-CMs from controls and patients with familial DCM were pretreated with 10 μM carvedilol or 1 nM verapamil for 24 h and then induced in vitro stress testing with 10 μM NE for 48 h (Figure 1c) . Previously, we found that 10 μM NE was sufficient to induce a positive chronotropic effect in RBM20-deficient familial DCM hiPSC-CMs. 10 Here, we determined the carvedilol concentration based on studies utilizing β-adrenergic blocker, metoprolol (10 μM), in familial DCM hiPSC-CMs. 9 Similarly, the verapamil concentration was established based on studies measuring cardiotoxic responses in familial DCM hiPSC-CMs. 28 Furthermore, dose-dependent analysis using real-time cell analyzer recordings showed that concentrations ࣙ10 nM yielded a decreased beating activity in control hiPSC-CMs (Supplementary Figure S1) . Indeed, pretreatment with 10 μM verapamil elicited a cardiotoxic response (data not shown). Outcome measures in this study included Ca 2+ handling, sarcomere disarray, and apoptosis analyses. 
Pharmacological modulation of Ca
2+ handling decreases Ca 2+ overload due to β-adrenergic stress in familial DCM hiPSC-CMs To assess Ca 2+ handling properties, we recorded the fluorescent activity of Fluo-4AM labeled control and familial DCM hiPSC-CMs and analyzed spontaneous Ca 2+ transients. Intracellular Ca 2+ activity during diastole and systole revealed amplified Ca 2+ transients in familial DCM hiPSCCMs at baseline and after NE stress test, whereas decreased fluorescent response was noted in the carvedilol and verapamil pretreated cohorts (Figure 2a) . Comparatively, Ca 2+ transients from control hiPSC-CMs showed an increased frequency and amplitude after NE stress alone compared with decreased frequency and amplitude with carvedilol and verapamil pretreatment (Figure 2b) . Interestingly, Ca 2+ transients from familial DCM hiPSC-CMs also displayed increased frequency and amplitude as well as an irregular transient pattern after NE stress test (Figure  2c , top). Indeed, pretreatment with carvedilol and verapamil reduced both frequency and amplitude, whereas verapamil additionally contributed to ablating the irregular transient pattern associated with in vitro stress test (Figure 2c , bottom). To further characterize this irregular transient pattern in familial DCM hiPSC-CMs because of NE stress test, we assessed in vitro beating activity. β-Adrenergic stimulation in familial DCM hiPSC-CMs resulted in increased and arrhythmic beating, which was reduced to slower beating activity by carvedilol pretreatment and arrhythmia-free beating activity by verapamil pretreatment (Supplementary Figure  S2) (Figure 3b) .
In addition, the characteristic time of Ca 2+ extrusion, which evaluates the duration to remove Ca 2+ from the cytoplasm, was longer in familial DCM hiPSC-CMs than control at baseline and after NE stress (DCM baseline: 2.957 ± 0. (Figure 3d) . Hence, both carvedilol and verapamil contribute to restoring the defective Ca 2+ machinery in familial DCM hiPSC-CMs. 
Pre-administration of carvedilol and verapamil reduces the extent of β-adrenergic stress-induced sarcomeric disarray in familial DCM hiPSC-CMs
To examine whether treatment with β-adrenergic agonist, a positive inotropic reagent, can induce phenotypic stress response, we analyzed both control and familial DCM hiPSCCMs with α-actinin immunostaining. Indeed, in vitro treatment with 10 μM NE markedly increased the number of CMs with punctate sarcomeric α-actinin distribution from familial DCM iPSC clones compared with baseline (Figure 4a, left) . Additionally, familial DCM hiPSC-CMs showed complete myofilament degeneration after NE treatment, which was not present in control hiPSC-CMs. Notably, carvedilol and verapamil pretreated hiPSC-CMs displayed reduced diseaserelevant phenotypic response with decreased sarcomeric disarray (Figure 4a, right) . Disorganized sarcomeric pattern, defined as ࣙ25% punctate appearance, was quantified and more evident in familial DCM hiPSC-CMs (DCM baseline: 27.5 ± 4.8%; DCM post-NE: 62.4 ± 3.9% vs. control baseline: 15.3 ± 2.4%; control post-NE: 35.6 ± 3.3%; Figures 4b,c) . In agreement with α-actinin structural changes, pretreatment with carvedilol and verapamil significantly reduced percentage of disorganized cells in familial DCM hiPSC-CMs after in vitro stress test (DCM carvedilol: 35.6 ± 3.7%; DCM verapamil: 29.5 ± 2.0% [p < 0.05] vs. control carvedilol: 27.8 ± 2.9%; and control verapamil: 29.5 ± 3.5%; Figure 4b,c) . These findings suggest that carvedilol and verapamil pretreatment limits susceptibility to stress induced by β-adrenergic stimulation in familial DCM hiPSCCMs.
Carvedilol and verapamil pretreatment decreases NE-induced apoptosis in familial DCM hiPSC-CMs
Previous studies have shown that activation of the β-adrenergic pathway by NE stimulates apoptotic response in adult rat cardiac myocytes in vitro. 29 To assess localization www.wileyonlinelibrary/cts Table S2 ). In accordance with the TUNEL data, total annexin and propidium iodide-positive cell count determined that pharmacological pretreatment with carvedilol and verapamil modestly reduced chronotropic stress-induced apoptosis and cell death rate in familial DCM hiPSC-CMs (Supplementary Figure S3c,d ).
DISCUSSION
Endstage heart failure is a major burden for the individual patient and a universal challenge for health care systems. In the United States, idiopathic DCM is the most common indication for cardiac transplantation because of progressive heart failure. 30 Affected individuals with familial DCM have a poor prognosis because of the high frequency of arrhythmias and sudden death. RBM20-related DCM represents at least 1.9-3% of idiopathic DCM encountered in clinical practice. 13 Since the first description of isolated DCM related to RBM20 mutations by Brauch et al. 30 in 2009, more than 30 RBM20-dependent alternatively spliced cardiac genes have been reported. 31 Given its global post-transcriptional regulation in the heart, RBM20 familial DCM is associated with excitation-contraction coupling abnormalities as well as an increased propensity to ventricular tachycardia.
Here, we utilized familial DCM hiPSC-CMs and compared them to healthy control hiPSC-CMs to demonstrate increased susceptibility to β-adrenergic stress test with NE and therapeutic rescue by pretreatment with β-antagonist, carvedilol, and L-type Ca 2+ channel blocker, verapamil ( Table 1) . In vitro stress test resulted in abnormal Ca 2+ handling, including increased average area under the curve, peak amplitude, characteristic time of Ca 2+ extrusion, and decreased time between peaks, as well as irregular Ca 2+ transient rhythm, beating activity, sarcomeric disarray, and increased apoptotic and cell death response. Pretreatment with either carvedilol or verapamil muted this response to β-adrenergic stress, contributing to the restoration of defective Ca 2+ machinery in familial DCM hiPSC-CMs. Previous studies have established the link between Ca 2+ handling alterations and cardiomyopathy. 9, 16, 2525 Beraldi et al. 25 demonstrated Rbm20-dependent dysregulation of Ca2+ homeostasis in knockdown mouse embryoid bodies. Additionally, analysis of Ca 2+ transients by fluorescence microscopy in RBM20 familial DCM hiPSC-CMs revealed abnormalities that indicated anomalous Ca 2+ handling within the cytoplasm. 10 This study identified that familial DCM hiPSC-CMs display dysregulation of Ca 2+ homeostasis following in vitro stress test with NE. Indeed, changes in Ca 2+ -sensitivity and subsequent alteration of Ca 2+ homeostasis could be a common and an important underlying mechanism that triggers arrhythmias leading to sudden cardiac death or the development of congestive heart failure. [32] [33] [34] [35] To further understand the mechanism of familial DCM and its therapies, we pharmacologically modulated the L-type Ca 2+ channel either indirectly with carvedilol or directly with verapamil.
Currently, familial DCM is clinically managed with carvedilol, a third generation nonselective β-blocker with ancillary vasodilatory and antioxidant properties. 36 Kao et al. 37 have shown that in DCM ventricular reverse-remodeling associated with β-blockade is driven by changes in myocardial gene expression including Ca 2+ handling. This finding correlates with clinical studies that suggest carvedilol not only slows deterioration of cardiac function, but also improves cardiac function. 38 Moreover, the protective role of carvedilol in reducing the left ventricular end-diastolic diameter and left ventricular fractional shortening has been described in the lamin A/C-deficient familial DCM model after mechanical stress. 39 Other studies of familial DCM because of mutations in cardiac troponin T have indicated that treatment with β-adrenergic blockers has improved function of hiPSC-derived cardiomyocytes. 9 Consistent with these findings, our results show that carvedilol treatment led to a relatively negative chronotropic effect and an improved global Ca 2+ transient on familial DCM hiPSC-CMs. However, β-adrenergic blockade did not ameliorate the irregular transient rhythm and beating activity after NE stress.
Prior studies have shown that inotropic agents, including isoproterenol, dobutamine, and NE, have induced arrhythmias in rat and hamster hearts because of increased intracellular Ca 2+ levels. 40 Indeed, Rbm20-deficient rats and humans with RBM20 missense mutations share cardiomyopathy with arrhythmia and sudden death. 16 Verapamil is an L-type Ca 2+ channel blocker that is widely used for the treatment of cardiac arrhythmias. 41 Recent findings suggest that verapamil treatment reduced beating frequency by 30-40% as well as decreased the amplitude of contractions in hiPSC-CMs. 42 After β-adrenergic stimulation, we also observed reduction in beating rate and intracellular Ca 2+ relative to Ca 2+ -dependent fluorescence transients in the verapamil pretreated cohort. Additionally, irregular Ca 2+ transient rhythm resulting from β-adrenergic stress was absent with verapamil www.wileyonlinelibrary/cts pretreatment. Further studies using patch-clamping and multiple electrode array technologies could elucidate the antiarrhythmogenic mechanism based on transient current and cell-to-cell communication.
Insights into the structural sarcomeric changes of RBM20-related DCM are mainly based on the observations from experimental animal models. 14, 16 In Rbm20-deficient (Rbm20 −/− ) and Rbm20-insufficient (Rbm20 +/− ) rat models, animals were born with normal functioning hearts, but eventually developed ventricular enlargement, arrhythmia, increased rate of sudden death, and extensive fibrosis, closely resembling to those observed in humans with heterozygous RBM20 mutations. 16 The application of β-adrenergic stimulation and chronotropic stress to familial DCM hiPSC CMs because of mutations in cardiac troponin T resulted in increased abnormal sarcomeric α-actinin distribution. 9 Our findings in RBM20 hiPSC CMs were consistent. However, while Sun et al. 9 reported an increased number of CMs with punctate sarcomeric α-actinin distribution after 1 week of 10 μM NE treatment, we observed increased number of disorganized cells after 48 h of 10 μM NE treatment. Discerning whether this early onset of phenotypic response is related to greater sensitivity of RBM20 hiPSC CMs to β-adrenergic stress merits additional studies. Interestingly, in accordance with Ca 2+ handling measures, the increased susceptibility to β-adrenergic stimulation was limited by carvedilol or verapamil pretreatment. Indeed, we investigated the synergistic function between carvedilol and verapamil; however, the combination of both agents hindered the regulation of membrane excitability and did not illicit synchronized calcium dynamics (data not shown). Future investigations could modulate drug concentrations of carvedilol and verapamil, or additional β-blocker and Ca 2+ -channel blocker agents, to identify a possible combination therapy that would be better tolerated by hiPSC-CMs.
In heart failure, chronic β-adrenergic system stimulation contributes to a progression of both remodeling and apoptosis. 43, 44 Furthermore, NE stimulates apoptosis in adult rat ventricular myocytes, as shown by an increased DNA laddering on agarose gel electrophoresis and increased the percentage of TUNEL-positive cells. 29 In accordance, our findings suggest that familial DCM hiPSC-CMs have increased susceptibility to apoptosis and cell death after exposure to external chronotropic stress, and that pharmacological pretreatment with carvedilol or verapamil modestly reduced chronotropic stress-induced apoptosis and cell death rate in familial DCM hiPSC-CMs. In addition to negating inotropic and chronotropic actions, carvedilol also participates in antioxidant responses by mediating oxidative stress. 45, 46 Supplementary studies of the role of oxidative stress and carvedilol in RBM20 hiPSC-CMs could be informative in modifying apoptotic response and disease progression.
This study has several limitations. First, due to the lack of specific markers to allow effective sorting of different subset of cardiomyocytes, such as nodal, atrial, and ventricular myocytes, the effects of RBM20 mutation as well as their in vitro response to cell-specific stimulation remain unclear. Second, the results of this study may not translate to RBM20-related DCM because of other point mutations.
Nevertheless, the ability to reproduce disease phenotypes of arg636-to-ser (R636S) substitution in this study suggests that our results should be applicable to point to mutations in the highly conserved RS domain of exon 9 in the RBM20 gene. Third, the variation in carvedilol and verapamil drug concentrations may not accurately reflect in vivo physiological dosing. It is possible that higher doses of β-adrenergic blockade could contribute to regulating Ca 2+ transient rhythm in familial DCM hiPSC-CMs after β-adrenergic stress. Indeed, drug screening additional β-adrenergic blockers and Ca 2+ -channel blockers using the familial DCM hiPSC-CM platform deserves further investigation. Furthermore, establishing hiPSC-CM maturity remains a high priority for in vitro drug testing investigations. This study utilized day 20 control and DCM hiPSC-CMs, which were characterized by quantitative reverse transcriptase real-time polymerase chain reaction (qRT-PCR) transcriptional profiling data as well as microarray analysis in our recent publication. 10 Given that the findings in this study are limited to quality controlled and selected clones based on efficient reprogramming, cardiac differentiation potential, and beating activity, future studies could validate these results in isogenic control hiPSC lines generated by correcting DCM mutations using genome editing tools. Despite these limitations, human pluripotent stem cell-derived cardiomyocytes in various stages of maturity offer the opportunity to create appropriate human test models with high biological relevance in drug testing, circumventing studies with costly animal models. 40, [46] [47] [48] [49] In conclusion, familial DCM hiPSC-CMs display increased susceptibility to β-adrenergic stimulation by defective Ca 2+ homeostasis, apoptotic changes, and sarcomeric disarray, and pretreatment with carvedilol or verapamil mitigates this stress response. Accordingly, clinical studies indicate that addition of verapamil in patients with nonadvanced DCM improved their Minnesota Quality of Life score and exercise capacity in the 6-min walk test compared with standard carvedilol-based therapeutic management. 24 Here, we provide the first comprehensive in vitro analysis of β-adrenergic stress in RBM20-deficient familial DCM hiPSC-CMs, allowing for further development of therapeutic interventions that modify heart disease progression.
